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Abstract
Kallikreins are secreted proteases that may play a functional role and/or serve as a serum biomarker for the presence
or progression of certain types of cancers. Kallikrein 6 (KLK6) has been shown to be upregulated in several types
of cancers, including colon. The aims of this study were to elucidate pathways that influence KLK6 gene expression
and KLK6 protein secretion in the HCT116 human colon cancer cells. Our data indicate a central role for caveolin-1
(CAV-1), the main structural protein of caveolae, in both KLK6 gene expression and protein secretion. Sucrose gradient subcellular fractionation reveals that CAV-1 and KLK6 colocalize to lipid raft domains in the plasma membrane
of HCT116 cells. Furthermore, we show that CAV-1, although it does not directly interact with the KLK6 molecule,
enhances KLK6 secretion from the cells. Deactivation of CAV-1, through SRC-mediated phosphorylation, decreased
KLK6 secretion. We also demonstrate that, in colon cancer cells, CAV-1 increased the amount of phosphorylated
AKT in cells by inhibiting the activity of the AKT-negative regulators PP1 and PP2A. This study demonstrates that
proteins such as CAV-1 and AKT, which are known to be altered in colon cancer, affect KLK6 expression and
KLK6 secretion.
Neoplasia (2008) 10, 140–148

Introduction
The kallikrein protein family consists of 15 serine proteases, each of
which has a unique pattern of expression and set of substrates [1].
The most widely known and used kallikrein (KLK) is KLK3, also
known as prostate-specific antigen. Because of their nature as secreted
proteins, kallikreins are currently under investigation as potential biomarkers. For the kallikrein family of proteins to be useful biomarkers
for either the presence or the progression of cancer, it is crucial to
know under which conditions kallikreins are aberrantly expressed.
Kallikrein 6 (KLK6) is being examined as a marker for certain
types of ovarian and uterine cancers [2,3]. KLK6 mRNA and secreted protein were found to be significantly upregulated in uterine
serous papillary cancer compared to benign tumor and endometrial
carcinoma patients [3]. Patients with ovarian carcinoma also had sig-

nificantly higher levels of serum KLK6, about twice the concentration of normal or benign tumor patients [2]. In both gastric and
colon cancer, KLK6 mRNA was observed to be more highly expressed compared to normal mucosa [4,5]. In each previously
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mentioned study, above-average expression of KLK6 correlated with
a poor prognosis [2–5]. This may be due to the role of KLK6 in cancer progression. KLK6 has been implicated in angiogenesis, migration, and invasion through mechanisms involving extracellular
matrix (ECM) degradation [1]. Substrates for KLK6 include collagen, fibrinogen, fibronectin, and laminin [1,6]. Prezas et al. [7]
demonstrated that ovarian cells that were stably transfected to express
KLK4, 5, 6, and 7 were significantly more invasive in vitro and
formed larger tumors in mice. Another study demonstrated that a
synthetic kallikrein inhibitor attenuated tumor cell invasiveness
through a matrigel substrate [8].
The protein caveolin-1 (CAV-1) is frequently expressed abnormally
in colon cancer and appears to contribute to aberrant signaling and
protein trafficking. CAV-1 is a structural protein required for the formation of caveolae in nonmuscle cells [9,10]. Caveolae are flaskshaped plasma membrane invaginations present in nearly all cell
types which function as lipid raft and scaffolding domains within
the plasma membrane [9]. There has been much controversy regarding the role of CAV-1 in cancer. It has been implicated to act as both
a tumor suppressor and an oncogene, depending on the tissue of origin and stage of disease. These findings have been thoroughly summarized in several reviews [9,11–13]. In addition to varied levels of
expression, the stability and activity of CAV-1 are also frequently altered in cancer. CAV-1, in its unphosphorylated form, acts to stabilize caveolae [14]. When CAV-1 is phosphorylated, most commonly
at tyrosine-14 by SRC kinase, it dissociates from the caveolae, thereby
destabilizing it [15–17]. SRC activity is elevated in a wide variety of
other cancers, including breast, lung, pancreatic, ovarian, and gastric,
and in colon cancer, SRC activity is frequently increased by an average
of five- to eight-fold [18].
Another important role of CAV-1 is that of a modulator of mitogenic signaling pathways. Several studies have reported an increase in
phosphatidylinositol-3-kinase (PI3K)/AKT signaling within human
cell culture and patient tissues that have elevated CAV-1 expression
[19–21]. One mechanism by which CAV-1 increases AKT activity is
to decrease the activity of negative regulatory phosphatases PP1 and
PP2A [20]. Li et al. [20] demonstrated that, in prostate cancer cells,
an association between the CAV-1 scaffolding domain and the catalytic regions of PP1 and PP2A leads to reduced activity of these enzymes, thereby increasing the presence of phosphorylated AKT. They
also show that this is a functional change because downstream targets
of AKT are more frequently phosphorylated, all contributing to increased cell survival and proliferation. The link between PP1/PP2A
and CAV-1 has thus far been limited to prostate cells and cardiomyocytes [20,22]. We wish to explore whether this effect is similar in
colon cancer cells as well.
Recent findings indicate that caveolae may play an important role
in protease secretion, specifically demonstrated in the proteases urokinase plasminogen activator (uPA) and cathepsin B [23,24]. Despite
its controversial role in cancer, it is widely accepted that CAV-1 can
modulate mitogenic signaling as well as protein trafficking, both of
which are relevant to KLK6 regulation. This study investigates
whether this CAV-1–dependent increase in secretion applies to another protease, KLK6, as well. To evaluate the role of CAV-1 and
its kinase SRC in KLK6 regulation and KLK6 secretion, we used isogenic cells systems of which either CAV-1 or SRC expression and/or
activity were stably altered [24,25]. This study will demonstrate the
complex pathways involving CAV-1, SRC, AKT, and PP1/PP2A,
which influence both KLK6 expression and protein secretion.
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Materials and Methods

Cell Culture
All cell culture reagents were purchased from Invitrogen Corp.
(Carlsbad, CA). HCT116 CAV-1 AS and CAV-1 Mock cells were
stably transfected with the pAnti–caveolin-1–IRES–hrGFP-1a–puro
and the pIRES–hrGFP-1a–puro vectors, respectively [24]. HCT116
SRC531 and Mock cells were stably transfected with the
pcDNASRC-531 or pcDNA3.1 vectors, respectively. HCT116
CAV-1 AS and CAV-1 Mock cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin with or
without selection antibiotics. Stably transfected clones were maintained in the supplemented DMEM with the addition of the following selection agents: HCT116 CAV-1 AS and Mock – 25 μg/ml
puromycin. HCT116 SRC531 cells were maintained in McCoy’s
5a media supplemented with 10% FBS, 1% penicillin/streptomycin,
and 500 μg/ml G418.

Cell Treatment Conditions
For the AKT inhibition studies with LY294002 (Calbiochem, La
Jolla, CA), cells were plated at a concentration of 5.0 × 105 cells per
60-mm plate in normal media containing 10% FBS. Twenty-four
hours after plating, fresh media was added with the drug at a concentration of 50 μM or vehicle control (DMSO; Sigma-Aldrich, Life
Science Research, St. Louis, MO). Twenty-four hours later, the
media and drug were removed and replaced with fresh media and
drug. Forty-eight hours after initial drug treatment, cell lysates, conditioned media, and RNA were collected. All drug studies were done
in triplicate. The media used was DMEM supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin.

Real-Time Polymerase Chain Reaction
Reverse transcription (RT) was completed with TaqMan Reverse
Transcription Reagents Kit (Applied Biosystems, Foster City, CA).
One microgram of total RNA was transcribed into cDNA in a
50-μl reaction with random hexamers under the thermal condition
recommended by the protocol. Real-time polymerase chain reaction
(PCR) amplification was performed with a sequence detection system
(ABI PRISM 7700 SDS; Applied Biosystems), under the universal
thermal cycling conditions recommended by the Assay-on-Demand
products protocol. Each 50-μl real-time PCR reaction included 25 μl
of TaqMan Universal PCR master mix, 10 μl of the resulting cDNA
from the RT step, and 15 μl of the diluted primer and probe mixes
ordered from Assay-on-Demand products (Applied Biosystems). No
template controls were included in each plate to monitor the potential PCR contamination. Each cell line was tested in triplicate and
each reaction was run in duplicate. To determine the relative expression level of each target gene, the comparative CT method was used.
The CT value of the target gene was normalized by the endogenous
reference [ΔCT = CT(target) − CT(GAPDH)] and compared to a calibrator, in our case, control RNA [ΔΔCT = ΔCT(target) − ΔCT(calibrator)].
The relative expression of each target gene was calculated using the
equation: 2−ΔΔCT.

Western Blot Analysis
Whole-cell lysates were collected by lysing on ice in radioimmunoprecipitation assay buffer (PBS, 1% NP-40, 0.5% sodium
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deoxycholate, 0.1% SDS, 30 μg/ml aprotinin, 100 mM sodium orthovanidate, and 10 mg/ml PMSF). Samples were kept on ice for
30 minutes, followed by centrifugation at 14,000 rpm for 10 minutes. Supernatants were collected, and protein concentration was determined using a colorimetric assay (DC Protein Assay; Bio-Rad,
Hercules, CA). Sixty microgram of cell lysate was loaded per lane
and run on a 12.5% SDS-PAGE gel. The proteins were transferred
electrophoretically to Hybond-C nitrocellulose membrane (Amersham Pharmacia Biotech, Inc., Piscataway, NJ) overnight. Blots were
blocked in Blotto A (5% w/v nonfat dry milk, 0.1% Tween 20, and
Tris-buffered saline (TBS) consisting of 10 mM Tris–HCl, pH 8.0,
150 mM NaCl) for 1 hour at room temperature. CAV-1 and KLK6
antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and
flotillin-1 (Flot-1) antibody (BD Transduction Laboratories, Franklin
Lakes, NJ) were diluted in Blotto A at concentrations of 1:1000,
1:200, and 1:500, respectively. AKT, p-AKT, SRC, p-SRC, p-CAV-1,
PP1α, and PP2A-C subunit antibodies (Cell Signaling, Danvers, MA)
were diluted in 5% BSA in TTBS at a concentration of 1:1000. The
blots were washed in TBS/0.1% Tween 20. The primary antibodies
were detected with an anti–rabbit (CAV-1) or anti–goat (KLK6 ) immunoglobulin G antibody conjugated to HRP. Blots were washed as
described above, and protein was detected with an enhanced chemiluminescence detection reagent (GE Healthcare, Waukesha, WI).

ELISA for Secreted KLK6
An ELISA kit for the detection of human KLK6 was obtained
from Ibex (Quebec, Canada). The assay was performed according
to manufacturer’s protocol. Briefly, standards were prepared at concentrations of 0, 0.2, 0.5, 2.0, 5.0, 10.0, and 20.0 ng/ml to set a
standard concentration curve. Fifty microliters of either the standard
or the conditioned media was added to the precoated well and incubated for 2 hours. The wells were washed six times with the provided
wash buffer. One hundred microliters of KLK6 antibody–biotin was
added to all the wells and incubated for 1 hour, followed by six
washes. One hundred microliters of streptavidin–HRP was added
and incubated for 30 minutes, followed by six washes. One hundred
microliters of tetramethylbenzidine substrate was added and incubated for 30 minutes, followed by the addition of 100 μl of stop
solution. All incubations were carried out on a high-speed titer plate
shaker at room temperature. The plate was read at 490 nm within
10 minutes on an EL800 Universal Microplate Reader (Bio-Tek Instruments, Inc., Winooski, VT).

Sucrose Gradient Cellular Fractionation
Lipid raft fractionation was performed using a detergent-free, alkaline lysis method as described previously [26]. Briefly, HCT116
cells (7 × 106 cells per 150-mm plate) were plated for 48 hours. Each
plate was then lysed with 2 ml of 500 mM sodium carbonate (pH
11.0). The lysate was sonicated for three 20-sec bursts using a Sonic
Vibra Cell sonicator (Sonics & Materials Inc., Newton, CT). The
lysate was then adjusted to 45% sucrose by mixing with equal volumes of 90% sucrose prepared in Mes-buffered saline (MBS – 25 mM
Mes, pH 6.5, 0.15 M NaCl), and placed at the bottom of an ultracentrifuge tube. A 5% to 35% discontinuous sucrose gradient was
formed above (4 ml of 5% sucrose/4 ml of 35% sucrose; both in
MBS containing 250 mM sodium carbonate) and centrifuged at
39,000 rpm for 16 hours in an SW40-Ti rotor (Beckman Instruments,
Palo Alto, CA). A light-scattering band at the 5% to 35% sucrose in-
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terface was observed. This fraction contains CAV-1/lipid raft proteins.
Twelve 1-ml fractions were collected from top to bottom of the tube.
For the detection of KLK6, CAV-1, and Flot-1 in the fractions, equal
volume from each fraction were loaded on a 12.5% SDS-PAGE gel
and visualized as described in the Western Blot Analysis section.
The films were scanned, and densitometry was carried out using the
Scion Imaging Quantification Software (Scion Corp., Frederick, MD).
For each individual protein, the density values in all 12 fractions were
added up. The values of CAV-1, KLK6, and Flot-1 in each single sucrose gradient fraction were calculated as a percentage of their total
density value in all fractions.

Membrane and Cytosolic Fractionation
This method has been described previously [27]. Briefly, cells
were suspended in 10 mM Tris, pH 7.4, 1 mM EDTA, 200 mM
sucrose, and 1 mM PMSF, and then homogenized with a tight fitting
douncer. The nuclei were removed from the homogenate by centrifugation at 900g for 10 minutes at 4°C. The resulting supernatant
was centrifuged at 110,000g for 75 minutes at 4°C. The supernatant
was saved as a cytosolic fraction. The remaining membrane pellet was
solubilized in 10 mM Tris, pH 7.4, 1 mM EDTA, and 0.5% Triton
X-100 for a minimum of 1 hour on ice with intermittent vortexing,
followed by centrifugation at 13,000g for 10 minutes at 4°C. The
supernatant was considered as a membrane fraction.

Immunoprecipitation
The cytosolic and membrane fractions from HCT116 CAV-1
Mock and HCT116 CAV-1 AS cells were precleared with normal
rabbit protein A Agarose (Santa Cruz Biotechnology, Inc.) for 1 hour
at 4°C. CAV-1 was immunoprecipitated from precleared lysates with
polyclonal CAV-1 antibody (Santa Cruz Biotechnology, Inc.) overnight at 4°C, in the presence of protein A Agarose. Immunoprecipitated beads were washed four times, then boiled in SDS sample
buffer, separated by SDS-PAGE, and immunoblotted with KLK6
antibody (Santa Cruz Biotechnology, Inc.).

Results

KLK6 Expression and Secretion Are Decreased in the
Downregulated CAV-1 Cells
HCT116 cells stably transfected with a CAV-1 antisense vector
were confirmed to express a greatly reduced amount of CAV-1 than
the mock-transfected control cell line (Figure 1A). RNA was isolated
from HCT116 CAV-1 Mock and HCT116 CAV-1 AS cells after
48 hours of normal growth, in serum-containing media. As analyzed
by real-time RT–PCR using glyceraldehyde 3-phosphate dehydrogenase (GAPDH ) primers as a control, KLK6 gene expression decreased
nine-fold in HCT116 CAV-1 AS cells compared to CAV-1 Mock
(Figure 1B). To evaluate KLK6 secretion, media was collected from
cells 24, 48, and 72 hours after plating in normal growth conditions.
Secretion was also significantly reduced at all time points in the
HCT116 CAV-1 AS cells (Figure 1C ).

KLK6 Localizes to CAV-1–Containing Membrane Fractions
in the Presence, But Not the Absence of CAV-1
Because CAV-1 expression influenced both KLK6 gene expression
and secretion in HCT116 cells, we explored the possibility that
KLK6 localizes to the caveolae of these cells. Sucrose gradients were
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KLK6 protein in the HCT116 CAV-1 Mock cells than in the CAV-1
AS cells, which is consistent with earlier data. The amount of KLK6
and Flot-1 localized to the caveolar fractions (fractions 4–7) was
calculated as a percentage of the total amount of protein present
(Table 1). In the HCT116 CAV-1 Mock cells, there was a 2.65-fold
increase in KLK6 in these fractions, compared to HCT116 CAV-1
AS cells. In contrast, Flot-1 localizes to the caveolar fractions to a
similar degree in the two cell lines (62.2% and 53.9%, respectively).
The ratio of KLK6 to Flot-1 was then calculated to determine the
relative percentage of KLK6 associated with lipid rafts. Taking values
normalized to the HCT116 CAV-1 Mock cells, there was a 56% decrease in KLK6 associated with lipid rafts in the HCT116 CAV-1
AS cells.
We also performed an immunoprecipitation experiment in the cytosolic and crude plasma membrane fractions of HCT116 CAV-1
Mock and HCT116 CAV-1 AS cells to assess the possible interaction
of CAV-1 with KLK6. No KLK6 was detected in immunoprecipitates from the cytosolic or membrane fractions using CAV-1 antibody, showing that KLK6 was not directly associated with CAV-1
(Figure 2E ). Western blot analysis of the level of KLK6 protein in
the cytosolic and membrane fractions revealed the two-fold decrease
in the KLK6 protein level in the cytosolic fraction of HCT116 CAV1 AS cells compared to HCT116 CAV-1 Mock controls. Moreover,
the levels of KLK6 in the membrane fraction of HCT116 CAV-1 AS
cells was more than 4.5 times less than in the membrane fraction of
HCT116 CAV-1 Mock cells (Figure 2E ). This result is consistent
with our data obtained using CAV-1–enriched membrane fractions
showing a distinct effect of CAV-1 on the KLK6 intracellular level
and distribution.
Figure 1. Downregulation of CAV-1 in HCT116 cells decreases the
levels of KLK6 mRNA and KLK6 secretion. (A) Whole-cell lysates
were collected from HCT116 CAV-1 mock and CAV-1 AS cells
after 48 hours of growth under normal conditions (regular media
with 10% FBS). Western blot analysis for CAV-1 was performed
and β-actin was used as a loading control. (B) Real-time reverse
transcription–PCR analysis was performed on RNA isolated from
cells after 48 hours of growth under normal conditions (*P ≤ .05).
(C) ELISA analysis for secreted KLK6 in media collected from
HCT116 CAV-1 mock and AS cells 24, 48, and 72 hours after plating in normal growth conditions (*P ≤ .02).

used to fractionate whole-cell lysates into density-based fractions. All
fractions were analyzed for their KLK6 and CAV-1 content. Fractions
4 to 6 are most commonly enriched with CAV-1 and other lipid raft
plasma membrane proteins, such as Flot-1 [28,29]. In both the
HCT116 CAV-1 Mock cells and the CAV-1 AS cells, Flot-1 was observed primarily in fractions 5 and 6 (Figure 2, A and B). As expected, CAV-1 was also seen in these fractions in the mock cells,
but not in the CAV-1 AS cells (Figure 2, A and B). Importantly,
the levels of KLK6 in fractions 5 and 6 of the HCT116 CAV-1 Mock
fractions were significantly higher than in the HCT116 CAV-1 AS
fractions, indicating that in the absence of CAV-1, the level of KLK6
localizing to lipid raft membrane domains is decreased (Figure 2, A
and B). The Western blots were quantified using densitometric analysis as described in Materials and Methods. The percentage of the
CAV-1, KLK6, and Flot-1 contents corresponding to each individual
fraction was plotted to show the distribution of these proteins in lipid
rafts (Figure 2, C and D). It is notable that, overall, there was more

KLK6 Secretion Is Reduced in the Presence of Constitutively
Active SRC
To determine whether KLK6 is sensitive to processes in the cell
which alter CAV-1 activity, we used HCT116 cells stably transfected
to express constitutively active SRC. These cells express SRC531, a
mutant form of SRC which is insensitive to negative regulation [25].
CAV-1 is a substrate for SRC kinases. We first demonstrated that the
HCT116 SRC531 cells, compared to the HCT116 SRC-mock cells,
had elevated amounts of phospho-SRC as well as phospho-CAV-1
(Figure 3A). KLK6 gene expression was not significantly altered
between the HCT116 SRC-mock and SRC531 cell lines (data not
shown). KLK6 secretion in these cells was significantly decreased by
nearly half in the presence of the constitutively active SRC531 (Figure 3B). These data suggest that the SRC-induced phosphorylation
of CAV-1 ultimately leads to the decrease in secretion of KLK6.

CAV-1 Downregulation Leads to Suppression of AKT
Phosphorylation through an Increase in PP1 and PP2A
As demonstrated by the change in KLK6 mRNA levels in the
HCT116 CAV-1 Mock versus CAV-1 AS cells, there is clearly some
factor within these cells altering KLK6 gene expression. Based on
published and unpublished data from our laboratory, as well as several previously published studies which correlate an increase in CAV1 expression with an increase in AKT activity [19,20], we explored
AKT-dependent signaling as a mechanism controlling increased
KLK6 expression. We demonstrated that the HCT116 CAV-1 Mock
cells had more phospho-AKT than do the HCT116 CAV-1 AS cells
(Figure 4A). As indicated by previous studies, the CAV-1–dependent
increase in phospho-AKT levels may involve a decrease in levels and
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Figure 2. Sucrose gradient cell fractionation reveals that KLK6 associates with lipid raft domains in CAV-1 expressing cells. (A and B) Equal
amounts from each of the 12 sucrose gradient fractions obtained from HCT116 CAV-1 Mock cells (A) and HCT116 CAV-1 AS cells (B) were
loaded and run on a 12.5% SDS-PAGE gel, and immunoblots for KLK6, CAV-1, and Flot-1 were performed. (C) Protein localization on
sucrose gradient in HCT116 CAV-1 Mock cells. (D) Protein localization on sucrose gradient in HCT116 CAV-1 AS cells. (E) KLK6 is associated with the membrane fraction but does not interact with CAV-1. CAV-1 was immunoprecipitated from the cytosolic (C) and membrane
(M) fractions isolated from HCT116 CAV-1 Mock and CAV-1 AS cells as described in Materials and Methods. Western blot analysis for
KLK6, CAV-1, and β-actin (used as a loading control) was performed in immunoprecipitates (IP:CAV-1) and in unprecipitated whole fractions
(WF). For immunoprecipitates, 500 μg of protein was used; for whole fractions, each lane was loaded with 80 μg of protein.

activity of PP1 and/or PP2A [20]. The levels of PP1 and PP2A in the
whole-cell lysates of HCT116 CAV-1 Mock and HCT116 CAV-1
AS cells were determined by Western blot analysis. Reduced levels
of PP1 and PP2A were observed in HCT116 CAV-1 Mock cells in
Table 1. Densitometric Quantification of the Proportion of KLK6 Associated with Lipid Rafts.
Cell Type

Percentage of KLK6
in Caveolar Fractions
(Fractions 4–7)

Percentage of Flot-1
in Caveolar Fractions
(Fractions 4–7)

Ratio KLK6/Flot-1
(Normalized to
HCT116 CAV-1
Mock Cells)

HCT116 CAV-1 Mock
HCT116 CAV-1 AS

25.8
9.7

62.3
53.9

0.41 (1.0)
0.18 (0.44)

comparison to HCT116 CAV-1 AS cells (Figure 4B). These data correlate well with the relative amounts of phospho-AKT observed in
these cell lines (Figure 4A), wherein the cells with more phosphoAKT have less PP1 and PP2A expression. The levels of PP1 and
PP2A also are inversely correlated to levels of KLK6 expression because the cells that express less PP1 and PP2A express more KLK6
(Figure 1B).

Pharmacological Inhibition of AKT Leads to Reduced KLK6
Expression and KLK6 Secretion
To further demonstrate that the AKT pathway positively influences KLK6, we inhibited AKT to observe changes in KLK6 expression. To disrupt the AKT signaling pathway, we used the small
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Figure 3. HCT116 cells with constitutively active SRC have elevated levels of phosphorylated CAV-1, leading to less KLK6 secretion. (A)
Western blot analysis was performed on whole-cell lysates from HCT116 SRC-mock and HCT116 SRC531 cells collected 48 hours after
plating in normal growth conditions. (B) ELISA analysis for secreted KLK6 was performed on conditioned media collected from HCT116
SRC-mock and HCT116 SRC531 cells 48 hours after plating in normal growth conditions (*P ≤ .001).

molecule AKT inhibitor, LY294002, at a concentration of 50 μM
following the drug treatment protocol outlined in the Materials
and Methods section. Real-time PCR analysis of cells treated with
LY294002 reveals that KLK6 mRNA levels are significantly reduced
in both the HCT116 CAV-1 Mock and CAV-1 AS cells (Figure 5A).

Figure 4. Increased KLK6 expression correlates to levels of phosphoAKT and the phosphatases PP1 and PP2A. (A) Western blot analyses
of phospho-AKT and total AKT were performed on whole-cell lysates
collected 48 hours after plating in normal growth conditions. (B)
Western blot analyses for PP1 and PP2A were performed on
whole-cell lysates collected from cells 48 hours after plating in normal growth conditions. β-Actin was used as a loading control.

Reflecting the drop in mRNA levels, the amount of secreted protein
is also significantly reduced (Figure 5B). These data indicate that the
AKT signaling pathway is a likely mechanism by which CAV-1 is influencing KLK6 gene expression.

Discussion
Although aberrant expression of KLK6 has been demonstrated in
numerous studies, very little is known regarding the regulation of its
expression or secretion. We have demonstrated here that KLK6 gene
regulation is influenced by AKT signaling. AKT appears to be more
active in the presence of caveolae because of the CAV-1–dependent
decrease of the negative regulators PP1 and PP2A. Once synthesized,
KLK6 protein is secreted, a process that is positively influenced by
CAV-1. Although it has been reported in cultured endothelial, mesangial, and smooth muscle cells that different molecules might be
linked to caveolae-enriched membrane domains through interactions
with CAV-1 [30], we did not observe the direct association of CAV-1
and KLK6 in colon cancer cells. As has been shown previously, SRC,
a CAV-1 kinase, can destabilize caveolae through the phosphorylation of CAV-1, thereby decreasing KLK6 secretion [15–17]. These
findings are summarized in our proposed model (Figure 6).
There are key regulatory sites within the proximal KLK6 promoter
region that include putative binding sites for Elk-1, AP-1, and SP-1,
as well as two E-box sequences [26]. The functionality of the SP-1
binding site was confirmed using the enzyme mobility shift assay
[26]. This study also showed that deletion of the portion of the
promoter containing the AP-1 and E-box sequences completely
abolishes promoter reporter transactivation [26]. These KLK6 promoter reporter studies were performed in MCF-7 breast cancer cells,
and it will be important to perform these experiments in our colon
cancer model systems to determine whether this type of regulation is
conserved among cells of different tissue origins. Upregulation of
AKT activity has been shown to increase downstream AP-1 signaling
[31]. We have observed significantly increased AP-1 promoter reporter
activity in the HCT116 CAV-1 Mock compared to the HCT116
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Figure 5. Inhibition of AKT leads to decreased KLK6 mRNA and secreted KLK6 protein. (A) Real-time PCR analysis for the detection of
KLK6 mRNA was performed using RNA isolated from cells treated
with either the AKT inhibitor LY294002 or the vehicle control DMSO
(*P ≤ .03). The exact treatment protocol is outlined in the Materials
and Methods section. (B) ELISA analysis was performed on conditioned media collected after 48 hours of treatment with LY294002
(*P ≤ .01).

CAV-1 AS cells (unpublished data). This indicates a potentially important avenue of study to determine whether AP-1 signaling also
plays a role in KLK6 expression in colon cell model systems. In addition to the putative AP-1 regulation, the Elk-1 and SP-1 sites may
also play a pivotal role in KLK6 gene regulation. Studies from our
laboratory show that inhibition of the mitogen-activated protein kinase kinase (MEK)/extracellular signal–regulated kinase (ERK) pathway with the small molecule inhibitor PD98059 also reduces KLK6
expression, although to a lesser degree than AKT inhibition.
Analysis of cancerous and surrounding noncancerous human tissues reveals that the expression of CAV-1 is elevated in several types
of cancers [32,33]. CAV-1 was shown to be elevated in colonic adenocarcinoma compared to both normal colonic mucosa and colon
adenoma tissue [32]. This suggests an increase in CAV-1 expression
with advancing tumor grade. Along those same lines, Hung et al.
[33] demonstrate that through the course of oral carcinogenesis,
the percentage of tissues with positive staining for CAV-1 increases
along with the advancing stage of the cancer, except in the most
advanced stage of metastatic oral squamous cell carcinoma, possibly
indicating a biphasic expression pattern. These counter-intuitive findings underscore the fact that the state of CAV-1 expression is a controversial topic among cancer researchers. Central to this study, CAV-1
expression in several colon cancer cell lines has been analyzed. As we
have demonstrated, HCT116 cells produce significant amounts of
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CAV-1, whereas two other colon cancer cell lines, HT29 and Caco2,
produce very little or virtually none, respectively. Interestingly, these
levels of CAV-1 expression correlate with the varying growth rates of
these cell lines, with HCT116 cells having the fastest growth rate and
Caco2 cells the slowest [34]. Increases in CAV-1 expression are also
observed in azoxymethane induced rat colon adenocarcinomas, compared to surrounding normal mucosa [34].
Upregulation of CAV-1 in cancer has many implications due to its
diverse roles in cells. It modulates several signaling pathway, likely
due to its interaction with signaling and regulatory proteins such
as PP1, PP2A and RAS [19–21,23,28,35]. When implicating protein
phosphatases such as PP1 and PP2A as key regulatory proteins in a
pathway, it is important to acknowledge their promiscuous nature,
owing to the fact that there are far fewer protein phosphatases than
there are kinases. For example, the PP2A family of phosphatases has
many substrates, including Raf, MEK, ERK, and AKT, among others
[22,36]. However, substrate specificity has been demonstrated
through modulation of the variable B regulatory subunit of PP2A.
PP2A proteins are composed of a scaffolding subunit (A), a regulatory subunit (B), and a catalytic subunit (C) [36]. It was shown that
PP2A/B′ heterotrimers specifically dephosphorylated AKT, whereas
PP2A/Bα and PP2A/Bδ act on the ERK pathway kinases [36]. Thus,
an overall increase in PP2A may affect certain pathways more than
others. A study done in cardiomyocytes, using subcellular fraction
colocalization as well as immunoprecipitation, demonstrated that
PP2A and CAV-1 associate in cells [22]. It has not yet been determined which specific PP2A isoforms CAV-1 affects.
In addition to its effects on mitogenic signaling, recent research,
supported by the current study, demonstrates that protease secretion

Figure 6. Proposed model of KLK6 expression and secretions: This
proposed model unites the pathways regulating KLK6 gene expression and KLK6 secretion. We demonstrate that AKT plays the most
pivotal role in KLK6 gene expression. AKT activity is negatively regulated by phosphatases PP1 and PP2A, which are in turn controlled
at least in part by CAV-1. Colon cancer cells, which express CAV-1,
express and secrete significantly more KLK6 than isogenic cells
lines lacking CAV-1 expression. SRC kinase phosphorylates CAV-1,
and this phosphorylation causes the decrease in KLK6 secretion.
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can be mediated by CAV-1 [23,24]. The expression and secretion of
cathepsin B, a cysteine protease, uPA, a serine protease, and its receptor uPAR are decreased in HCT116 CAV-1 AS cells compared to
HCT116 CAV-1 Mock cells [24]. To confirm an effect on tumorigenic phenotypes, this study also demonstrated a decrease in the degradation of the ECM protein collagen IV as well as diminished
invasion through Matrigel by the HCT116 CAV-1 AS cells [24]. Increased expression of cathepsin B has been shown to be predictive of
decreased overall survival rates among colon cancer patients, and upregulation of uPA/uPAR expression is known to increase tumorigenic
phenotypes such as chemotaxis and evasion of apoptosis [24,37]. A
recent study determined that overexpression of CAV-1 in prostate
cancer correlated with more aggressive tumors (as determined by
Gleason score), high preoperative prostate-specific antigen (KLK3)
levels, and a high rate of cancer recurrence after a radical prostatectomy [38]. Although CAV-1 has previously been shown to enhance
protease secretion, the novel findings of this study demonstrate a
CAV-1–dependent upregulation of both KLK6 expression and
KLK6 secretion in colon cancer.
In summary, CAV-1 influences KLK6 gene expression through its
influence on PP1/PP2A and AKT. CAV-1 directly enhances protein
secretion in our cell model system by facilitating KLK6 secretion
through the caveolae. Determining when and why KLK6 overexpression will occur in colon cancer could have several very important implications. KLK6 has the potential to play a role as a serum marker
for the presence and/or progression of several types of cancer, thus
knowing exactly when and why it is upregulated is essential. KLK6
is also able to degrade ECM components, leading to more virulent
tumor cell invasiveness [1]. Understanding how KLK6 is secreted
could lead to therapeutic efforts to block that process, thereby conferring a less invasive phenotype to those cells.
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